Self-propagating High-temperature Synthesis of Simulated An3+-Contained Radioactive Graphite in N2 Atmosphere  by Lu, Xirui et al.
 Energy Procedia  39 ( 2013 )  365 – 374 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of Institute of Nuclear and New Energy Technology, Tsinghua University
doi: 10.1016/j.egypro.2013.07.224 
ScienceDirect
Asian Nuclear Prospects 2012 
(ANUP2012) 
Self-Propagating High-Temperature Synthesis of Simulated 
An3+-Contained Radioactive Graphite in N2 Atmosphere 
LU Xiruia,b, DONG Faqina,*, CHEN Mengjuna, SU Sijina, WANG Xiaolic, WU 
Yanlind 
aKey Subject Laboratory of National Defense for Radioactive Waste and Environmental Security, Southwest University of Science 
and Technology, Mianyang 621010, P.R China 
bInstitute of Nuclear Science and Technology, Sichuan University, Chengdu 610064, P.R. China 
cInstitute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, P.R. China 
dSchool of High Energy Accelerator Science, Graduate University for Advanced Studies, Hayama, 240-0193, Japan 
Abstract 
The self-propagation synthesis (SHS) technology is characterized exclusively in multiple aspects, including: higher 
reaction rate, simplified procedure, shortened flow-process, facilitated process, lower energy consumption and remote 
control. In order to evaluate the performance of the self-propagating high-temperature synthesis (SHS) to treat An3+-
contained radioactive graphite in N2 atmosphere, in our study, with the exothermic reaction (3C + 4Al + 3TiO2 = 
2Al2O3 + 3TiC + Q) , we used the following raw powdery materials including graphite (C) , aluminum (Al), titanium 
dioxide (TiO2) and neodymium oxide (Nd2O3, where Nd3+ was used to simulate An3+).  After a serial pretreatment 
including mixing, refinement and formation, a self-developed SHS reactive facility was used to prepare the simulated 
waste form for the An3+-contained radioactive graphite.  Then, X-ray diffractometer(XRD) and scanning electron 
microscope (SEM) were used to test and analyze the morphology, phase composition and solid solubility of the 
prepared waste forms.  According to the results, the samples with the adding Nd2O3 of 0 16 wt% could maintain the 
self-sustainable reaction. And in the designed reaction, the Nd2O3 solid solubility was 1 wt%.   The samples were 
mainly in pieces, with grain sized mainly in 5 10 m.  The samples without adding Nd2O3 content were composed of 
Al2O3, TiC, C, TiO2 and AlN.  With adding Nd2O3 content of 1 wt%, the samples were composted of Al2O3, TiC, C, 
TiO2, AlN and NdAlO3.  While in case of adding Nd2O3 content of over 1 wt%, the occurrence of the Nd2O3 phase 
was observed in the XRD patterns of the samples. 
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1. Introduction 
In the reactor applications, the graphite is generally used as neutron moderator, the neutron reflector 
or to contain the nuclear fuels.  Due to the expansion of the nuclear industry and the eventual shutdown of 
the existing reactors, the total inventory of the radioactive graphite worldwide would have been add up to 
about 23,000t[1]. As for the studies on the treatment of radioactive graphite with self-propagation 
technologies, they are currently focused upon the preparation of man-made rock with self-propagation 
high-temperature synthesis (SHS) to immobilize the high-level wastes (HLW) [2-9].  Compared with the 
conventional high-temperature immobilization technologies for the nuclear waste treatment, SHS 
technology is characterized in multiple aspects, including: higher reaction rate (reaction time duration: 
about 0.05-5.0s), simplified procedure, shortened flow-process, lower energy consumption (no additional 
energy requirement after ignition), lower requirement for equipment to facilitate the remote control, and 
no requirement for the additional decommission for the SHS facilities. Due to all of the above-mentioned 
aspects, self-propagation technologies demonstrate their exclusive advantages in high temperature grid 
immobilization and stabilization for the treatment of nuclear wastes[4].  However, there has been no 
report fund in dealing with the treatment of the radioactive graphite with SHS technologies both in China 
and abroad. 
The ion radius of Nd3+(r =1.00Å) is quite similar to those of other An3+ nuclides such as Pu3+(r = 
1.00Å), Am3+(r = 1.01Å), U3+(r =1.06 Å) and Th3+(r =0.90Å).  Besides, all of them belong to inner 
transition elements and have electrons in the f shell to provide a certain similarity in electron obit.  
Moreover, all of them are in +3 valences.  And Nd3+ could be considered as a typical representative of the 
An3+ substances.  Thus, Nd3+ is universally used as a substation to simulate An3+.  This is the reason for us 
to introduce it into our study to simulate the SHS process for the treatment of the An3+-containing 
radioactive graphite.  The basic principle of the study was to use the existing graphite in radioactive 
graphite to initiate exothermic reaction.  And the formulations with Nd2O3 solid-solubility of 0 20 wt% 
of waste forms were designed in accordance with the exothermic reaction (3C + 4Al + 3TiO2 = 2Al2O3 + 
3TiC + Q).  The preparation of the waste forms for the An3+–containing radioactive graphite was made 
in N2 atmosphere with self-developed SHS reacting facility.  After that, analysis was made for the 
microscopic morphology, the nuclide solid-solubility and phase composition of the waste forms to 
provide some scientific data for the SHS treatment of the radioactive graphite. 
2. Design of SHS Reaction  
2.1. Selection of SHS reaction 
Merzhanov et. al. has proposed the following empirical criteria indicating that when f(Tad) 1800K, 
the SHS reaction could be self-sustained:  
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where: Tad is the reactive adiabatic temperature; T0 is the initial temperature; E is the reaction activation 
energy.  Only when f(Tad) 1800K, the SHS reaction could be self-sustainable.  
Besides, due to the fact that the majority of the radioactive graphite is graphite, we chose the 
graphite as one of the reacting substances in  SHS reaction for the optimal use of the wastes.  Thus, in the 
reaction, the graphite was used as the oxidant while the aluminum was used as the reductant.  During the 
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study of the immobilization of the radioactive graphite, the exothermic reaction (the theoretical adiabatic 
combustion could be up to 2381.16K) was used. 
                   QOxNdOAlTiCOxNdTiOAlC 3232322 23343                           2     
2.2. Theoretical adding Nd2O3 content for the reaction  
In the adiabatic combustion, the enthalpy of the reaction iiii PnRm could be given as 
follows:  
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where: pC , pC , pC  and pC are the values of the molar hot-melt respectively of the low-temperature 
solid state, high-temperature solid state, liquid state and gaseous state of the product, respectively; trH , 
mH and BH are the phase transformation heat, melting heat and gasification heat, respectively; 
mT and BT  are the melting point and boiling point of the product respectively.  
Tab. 1.Standard formative heat of the reactants and products[11] 
Chemical  formula C Al TiO2 Nd2O3 TiC Al2O3 
1
298 / molKJHf  0.00 0.00 -933.03 -1796.61 -184.10 -1675.27 
Tab.2. Thermodynamic parameters of the products [11] 
Compound Phase T/K 
Cp / (J·K-1·mol-1)  Htr / 
(kJ·mol-1) 
Hm / 
(kJ·mol-1) a / (J·K-1·mol-1) b / (J·K-1·mol-1) c / (J·K-1·mol-1) d / (J·K-1·mol-1) 
TiC 
s 298.15-3290 49.953 0.979 -14.774 1.887 
 71.13 
l 
3290- 
3500 
62.76-    
Al2O3 
s-A 298.15-800 103.851 26.267 -29.091  
 118.41 
s-B 
800- 
2327 
120.518 9.192 -48.367  
l 
2327- 
3500 
144.863    
Nd2O3 s-A 298.15-1395 115.771 29.790 -11.883    
 
Under hypothetical adiabatic conditions, x-mol Nd2O3 would not be reacted with any other matters, 
and all of reaction-induced heat were completely to heat up the products the temperature to 1800K (Tad), 
the reaction equation (2) could be expressed as follows:  
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)(101456.2109297.5 155 molJx                                                            4                  
         1229832298298298 75.1103)(3)(2)(3 molKJTiOHOAlHTiCHH    5  
Based on Equation (3) and (4), 3806.2x .  Namely, the maximum theoretical adding Nd2O3 
content for the self-sustainable SHS reaction is 67.62 wt%.  
3. Experiments 
3.1. Preparation of waste forms 
Tab 3. Contents of starting materials, molding sizes and sintering result of waste forms 
sample 
Material Adding Content(g) 
Nd2O3Content/ 
wt % 
Dimension 
Combustion 
(Y/N) C Al TiO2 Nd2O3 
Length 
(mm) 
Width 
(mm) 
Thickness 
(mm) 
G0 0.470 1.410 3.120 0.00 0 40 8 8.2 Y 
G1 0.460 1.400 3.090 0.05 1 40 8 8.3 Y 
G2 0.460 1.380 3.060 0.10 2 40 8 8.1 Y 
G3 0.460 1.370 3.020 0.15 3 40 8 8.4 Y 
G4 0.450 1.350 3.000 0.20 4 40 8 8.2 Y 
G5 0.450 1.340 2.970 0.25 5 40 8 8.4 Y 
G6 0.440 1.320 2.940 0.30 6 40 8 8.3 Y 
G7 0.440 1.310 2.900 0.35 7 40 8 8.1 Y 
G8 0.430 1.290 2.880 0.40 8 40 8 8.3 Y 
G9 0.430 1.280 2.840 0.45 9 40 8 7.9 Y 
G10 0.420 1.270 2.810 0.50 10 40 8 7.9 Y 
G11 0.420 1.250 2.780 0.55 11 40 8 8.0 Y 
G12 0.413 1.239 2.748 0.60 12 40 8 8.2 Y 
G13 0.408 1.225 2.717 0.65 13 40 8 7.9 Y 
G14 0.404 1.211 2.685 0.70 14 40 8 7.8 Y 
G15 0.399 1.196 2.655 0.75 15 40 8 7.8 Y 
G16 0.395 1.183 2.622 0.80 16 40 8 7.8 Y 
G17 0.389 1.169 2.592 0.85 17 40 8 7.9 N 
G18 0.385 1.155 2.560 0.90 18 40 8 8.0 N 
G19 0.380 1.141 2.529 0.95 19 40 8 8.2 N 
G20 0.375 1.126 2.499 1.00 20 40 8 7.8 N 
 
The waste forms for the simulated An3+-contained radioactive graphite was prepared with the 
following raw materials: graphite powder (C, AR, concentration 99.0% provided by Tianjin Kermel 
Chemical Agent Co., Ltd); aluminum powder (Al, AR, concentration 99.0% provided by Tianjin 
Kermel Chemical Agent Co., Ltd); titanium dioxide powder (TiO2, AR, concentration 99.0% provided 
by Tianjin Kermel Chemical Agent Co., Ltd); neodymium oxide powder (Nd2O3, AR, 
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concentration 99.95% provided by Shanghai Aladdin Chemical Agent Co., Ltd).  According to the 
chemical reaction equation (3C+4Al +3TiO2= 2Al2O3+3TiC+Q), the formulations of the waste forms 
were designed with Nd2O3 solid-solubility of 0 20 wt%.  The samples were labeled with G0 G10 
respectively, and the adding contents of the compounds in the raw materials are given in Table 3.  
Due to the fact that in the open air, Nd2O3 would be converted into Nd(OH)3 because of the moisture 
absorption form air, all of the raw materials, before being weighted, were put into an 80  oven and dried 
for 24 hrs.  Then, in accordance with the designed formulations of the waste forms (Table 3), they were 
weighted respectively in certain mass, mixed and refined in the agate mortar (with the alcohol as 
dispersion medium).  After this process, the mixed raw materials were repressed under 10MPa pressure 
into cuboid samples.  And the formation data are given in Table 3.  
The self-developed reacting facility for the SHS preparation of waste forms is given in Figure 1.  
The liner for the SHS reacting facility was a 0.3 m  0.3 m  0.3 m steel plate (2mm in thickness).  The 
steel plate at the top of the facility was demountable for loading or unloading the samples (Figure 1(b)).  
At the top of the facility, there was a prefabricated window ( 50 in size and made of sealant), which 
could provide not only pressure relief in case of emergency, but also the temperature monitoring by 
connecting with infrared thermometer. In the front side of the facility, there was a 0.25 m  0.25 m glass 
observing window to monitor the SHS process of the waste forms.  At the left bottom, there was an 
ignition unit connected with the power supply, and the electric ignition material was tungsten (W) wire.  
In order to adjust and control the inside atmosphere conditions, the facility had a gas inlet (to be 
connected with N2 or Ar bottle) and a gas outlet on its lateral side.  In order to prepare the waste forms, 
the press-shaped samples was placed on the refractory plate and connected with W wire, and N2 gas was 
continuously poured into the facility.  Then, the sample was ignited by adjusting tungsten wire 
temperature of the ignition unit.  The sample was recollected after the SHS sintering.  
 
 
 
 
 
(a) (b) 
Fig.1 Reaction Equipment sketch maps of SHS Synthesizing Waste Forms  (a) frontage; (b) top 
3.2. Test and characterization  
A small amount of waste forms were sampled and refined.  The samples were fixed with conductive 
adhesive tape before metal-spraying process, and then subjected to the S440 Scanning Electric 
Microscope manufactured by Leica, UK.  And the test and characterization of the G0 G16 samples were 
370   Lu Xirui et al. /  Energy Procedia  39 ( 2013 )  365 – 374 
made X pert MPD Pro X–ray Diffractometer manufactured by Netherland Panalytical Co. Ltd.  The test 
conditions are given in the following: Cu target; tube pressure: 40 kv; scanning mode: continuous; slit 
system: DS1/2º SS0.04rad and AAS5.5mm; scanning range: 3~80o; scanning speed: 25o/min with a step 
width of 0.02o 
4. Results and Discussions 
During the SHS preparation of waste forms, it was noted that with an Nd2O3 content of 0 16 wt% 
the combustion of the samples could be maintained after ignition to provide SHS sinter.  However, after 
ignition, the samples with adding Nd2O3 content of 17 20 wt% could not maintain sustainable 
combustion.  The big gap between this with the maximum theoretical Nd2O3 adding content (67.62 wt%, 
Section 2.2) is mainly due to the fact that the experiment was made in the non-adiabatic conditions, where, 
the reaction-induced heat was not completely used to heat up the products because of the considerable 
heat loss.  In addition, the SHS reaction process was eventually affected multiple factors, including the 
uniformities of the compactness, N2 atmosphere and the reactive agents.  This is the reason for the gap 
between experimental and theoretical adding Nd2O3 content to support SHS combustion.  
The details of SHS combustion of the waste forms are given in Table 3.  And the XRD patterns are 
given in Figure 2 respectively for the G0 G5 samples.  As the indicated by the diffractive curve of the G0 
sample without Nd2O3 content in this figure, in the N2 atmosphere, there was no evidence for the desired 
reaction (3C + 4Al + 3TiO2 = 2Al2O3 + 3TiC + Q).  After the combustion, the residual products were not 
only including Al2O3 and TiC, but also C, TiO2 due to the incompletely combustion in the raw materials.  
The occurrence of AlN was due to the N2 atmosphere for the SHS combustion, where, the aluminum 
powder in the raw materials reacted with the surrounding N2 to generate AlN.  
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Fig.2 XRD patterns of sample G0 G5 
Based on the analysis on the curves of samples with adding Nd2O3 content, the residual products of 
the samples after combustion were mainly including: Al2O3, TiC, C, TiO2 and AlN.  At the same time, 
there also existed NdAlO3 phase.  The occurrence of C and TiO2 was due to the incomplete combustion of 
C and TiO2 in the raw materials.  And the occurrence of AlN in the XRD diffractive patterns was due to 
the reaction between Al in the raw material with N2 in the air. 
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Despite of the adding Nd2O3 content of 1 wt% in the G1samples, there was no Nd2O3 in the products.  
There’s little possibility for Nd2O3 to exist in the incompletely reacting C and TiO2. According to 
V.M.Goldschmidt and H.G.Grimm[10], for two types of particles (such as atom, ion and molecular) with 
same valence but radius difference no less than 15% of the smaller ones (i.e. (r1 r2)/r2<15% ), they are 
mutually replaceable.  Besides, according to the research results provided by Soblev[10], with the same 
valence and ion type, the isomorphic replaceability of the ion in the crystal structure would be decreased 
with the increasing radius difference.  Thus the following phenomenons exist.  When (r1 r2)/r2<10 15%, 
generally, complete isomorphism occurs.  When (r1 r2)/r2<10 25%, compete isomorphism occurs in high 
temperature followed ionic release in the solid solution in the decreased temperature.  When 25%<(r1
r2)/r2<40%, even in the high temperature, the isomorphism occurs incompletely, and no isomorphism in 
the lower temperature.  Both Nd3+ and Al3+ are in +3 valences.  In addition, rNd3+ = 1.00 Å rAl3+ = 0.39 Å, 
and (r Nd3+  r Al3+)/ r Al3+ 156.41%.  Predicted based on this theory, in the solid solution, it’s very hard for 
Nd3+ to occupy the regular site to replace Al3+.  The effect of isomorphism is not only available for the 
ions with same valences but also possible for the ions with different valences.  However, with the ions 
with difference valences, the role of the ion radius is no longer decisive.  Instead, the isomorphic 
replaceability is mainly depending upon the charge balance.  In the element periodic table, we could have 
a diagonal from the left top to the right bottom.  And the ion radiuses of the elements along this diagonal 
are very close to each other.  Generally, the ion of the element right downward with higher valence is 
easy to replace the site of the element left upwards with lower valence.  This is the soc called the diagonal 
rule[10]. The valence of Ti4+ is in +4, while the valence of Nd3+ is in +3.  Besides, their locations in the 
element periodic table are far away from each other.  Presumably, in the solid solution, it’s very hard for 
Nd3+ to occupy the regular site to replace Ti4+, because it breaks out of the diagonal rule.  So for Nd3+, the 
most possibility for its existence is in NdAlO3.  And there’s little possibility for Nd3+ to exist in the 
combustion products such as Al2O3, TiC and AlN.   Even if in these substance, there are certain amount 
of Nd3+  and they are only some interstitial ions of Nd3+ in the lattice structure. 
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Fig.3 XRD curve of sample G1 G5 (2 =30 31.5 ) 
With the increasing adding Nd2O3 content in the raw materials, the diffractive peaks began to occur 
in the XRD diffractive curves of the samples with adding Nd2O3 content of  2 wt%.  For example, with 
an adding Nd2O3 content of 2 wt%, at the position of 2  = 30.78 , the Nd2O3 diffractive peak occurred 
(the three intensities lines occurred at 2  =30.78 , 26.86  and 47.44 ).  This was the same for the samples 
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with adding Nd2O3 content of over 2 wt% (the diffractive peak. nearby the position of 2  = 30.78 ).  
Besides, the intensities of the Nd2O3 peaks were increased with the increasingly adding Nd2O3 content 
(see in Figure 3).  As indicated by the XRD analysis of the G2~G5 samples, the products were including 
not only Al2O3, TiC, C, TiO2, AlN, NdAlO3 and Nd2O3, but also Al2TiO5.  This was due to the further 
reaction between the products of TiO2 and Al2O3 in the high temperature.   
The SEM pictures of the G1 and G2 samples (with adding Nd2O3 content of 0 wt% and 1 wt% 
respectively) are given in Figure 4.  As indicated in the figure, the prepared samples were not in regular 
morphologies.  In stead, they were mainly in pieces, with grain sized mainly in 5 10 m.   
 
  
a                                                                                                              b  
  
c                                                                                                             d  
Fig.4 SEM Photographs of Samples sintered by Technology of SHS (a) 2000 SEM Photograph of Sample G0; (b) 3000 SEM 
Photograph of Sample G0; (c) 3000 SEM Photograph of Sample G1; (d) 5000 SEM Photograph of Sample G1 
5. Conlusions 
In our study, Nd3+ was used as a simulated substitution of An3+.  With the exothermic reaction (3C + 
4Al + 3TiO2 = 2Al2O3 + 3TiC + Q) , we used the following raw powdery materials including graphite 
(C) , aluminum (Al), titanium dioxide (TiO2) and neodymium oxide (Nd2O3, where Nd3+ was used to 
simulate An3+) to simulate the preparation of the waste forms of the An3+–containing radioactive graphite.  
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Based on these samples, the microscopic morphologies, solid-solubility and phase compositions were 
subject to analysis and characterization.  The conclusions could be summarized in the following. 
 (1) In N2 atmosphere, with the exothermic reaction (3C + 4Al + 3TiO2 = 2Al2O3 + 3TiC + Q), for 
the SHS treatment of the Nd2O3, the samples with adding Nd2O3 content of 0 16 wt% could maintain 
self-sustainable SHS reaction, and maximum adding Nd2O3 content for the combustion is 16 wt%. 
(2) In the immobilization treatment of with the exothermic reaction (3C + 4Al + 3TiO2 = 2Al2O3 + 
3TiC + Q) for Nd2O3, the maximum solid solubility was 1 wt%. 
(3)After SHS process, the samples without adding Nd2O3 content have the products including Al2O3, 
TiC, C TiO2 and AlN.  As for the samples without adding Nd2O3 content of 1 wt%, their products were 
including Al2O3, TiC, C, TiO2, AlN and NdAlO3; with addition Nd2O3 content of over 1 wt%, Nd2O3 
would exist in the XRD patterns of the products of the samples.   
(4) Within the solid solubility, the prepared samples were in irregular morphologies, mainly in 
pieces with grain sized mainly in 5 10 m.  
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